The small GTPase Ran enzyme regulates critical eukaryotic cellular functions including nuclear transport and mitosis through the creation of a RanGTP gradient around the chromosomes. This concentration gradient is created by the chromatin-bound RCC1 (regulator of chromosome condensation) protein, which recruits Ran to nucleosomes and activates Ran's nucleotide exchange activity. Although RCC1 has been shown to bind directly with the nucleosome, the molecular details of this interaction were not known. Here we determine the crystal structure of a complex of Drosophila RCC1 and the nucleosome core particle at 2.9 Å resolution, providing an atomic view of how a chromatin protein interacts with the histone and DNA components of the nucleosome. Our structure also suggests that the Widom 601 DNA positioning sequence present in the nucleosomes forms a 145-base-pair nucleosome core particle, not the expected canonical 147-base-pair particle.
The formation of mitotic spindles, the transport of macromolecules between the cytoplasm and the nucleus, and the formation of the nuclear envelope are crucial functions of a eukaryotic cell. These seemingly disparate functions are all regulated by a concentration gradient of the small GTPase Ran in its GTP-bound state (RanGTP) around the chromosomes [1] [2] [3] . This RanGTP gradient signal is generated when the Ran guanine-exchange factor (RanGEF), also known as RCC1 (regulator of chromosome condensation), binds to the nucleosome repeating unit of chromatin, recruits Ran to chromatin and activates Ran's nucleotide exchange activity.
The binding of RCC1 to the nucleosome is central to the formation of this spatial signal within the nucleus. Structurally, RCC1 is a bpropeller protein with an amino-terminal tail extension 4 . Previous studies have shown that the RCC1 b-propeller domain binds the histone H2A-H2B dimer component of the histone octamer and that this interaction does not require the N-terminal tail that has been implicated in DNA binding 5 . An unusual post-translational modification, N-terminal a-methylation, of human RCC1 seems to further regulate RCC1's association with chromatin 6, 7 . Despite these findings, we currently lack a structural description of the interaction of RCC1 with the nucleosome.
The inadequate understanding of how RCC1 binds the nucleosome reflects a more fundamental deficit of structural information on how chromatin enzymes and factors recognize the nucleosome. The nucleosome core particle is an assembly of 145-147 base pairs (bp) of DNA wrapped around an octamer of histone proteins (two copies each of the four core histone proteins H2A, H2B, H3 and H4). The crystal structure of the nucleosome core particle was determined at 2.8 Å thirteen years ago 8 , and since then structures of nucleosome core particles containing histone proteins from different species and variant DNA sequences of the original human a-satellite sequence have provided structural insight [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, with the exception of a viral peptide and artificial ligands bound to the nucleosome 18, 19 , little structural information is available for the molecular recognition of the nucleosome despite the central role of this recognition in chromatin biology and gene regulation.
We have grown crystals of Drosophila RCC1 (Bj1) bound to recombinant nucleosome core particles containing Xenopus histones and used these crystals to determine the structure of the 300-kDa RCC1nucleosome core particle complex at 2.9 Å resolution. We find that loops within the RCC1 b-propeller domain interact with the histone component and, unexpectedly, with the DNA component of the nucleosome core particle. This first atomic view of a chromatin protein-nucleosome complex also provides the structure of a nucleosome core particle containing the Widom 601 nucleosome DNA positioning sequence selected for high-affinity histone octamer association 20 and commonly used in chromatin biology studies in vitro. Our results indicate that 145 bp of the Widom 601 DNA wraps around the histone octamer to form the nucleosome core particle instead of 147 bp of DNA in the canonical human a-satellite nucleosome core particle.
Overview of the complex
The crystal structure of the RCC1-nucleosome core particle shows pseudo-two-fold symmetry: one RCC1 molecule interacts with each of the two histone faces of the nucleosome (Fig. 1 ). The RCC1 b-propeller domains extend from each side of the disk-shaped nucleosome core particle, increasing the dimension along the helical axis of the nucleosome from 60 Å to 160 Å. The complex can be likened to the front wheel of a tricycle, with the nucleosome core particle forming the wheel and each RCC1 molecule forming a pedal on the side of the wheel. Each RCC1 molecule is positioned with its b-propeller wheel perpendicular to the nucleosome histone face and oriented about 90u to each other. The two RCC1 molecules make essentially identical interactions with the nucleosome. RCC1 employs loops in the fourth blade of its b-propeller to interact with histones and nucleosomal DNA, and the N-terminal tail is positioned for further interactions with nucleosomal DNA. The RCC1-histone contacts are made with the H2A-H2B histone dimer surface of the nucleosome core particle; no interactions with histones H3 or H4 occur. The binding of each RCC1 molecule to the nucleosome excludes about 910 Å 2 of solvent-accessible area on the nucleosome surface, with interactions with histone and DNA contributing 77% and 23% of solvent-excluded surface area, respectively.
RCC1-histone interactions
b-Propeller proteins often use the loops on each face of the b-propeller toroid to bind to interacting proteins [21] [22] [23] . Because RCC1 employs loops on one such face to bind to Ran 24 , it was expected that RCC1 might use loops on the opposite face to bind to the nucleosome 4,6,7 . On the basis of biochemical and modelling studies, we have recently proposed instead that the RCC1 b-propeller uses what we have termed the switchback loop (between strands 4C and 4D; Supplementary Fig. 1 ) to bind to the nucleosome 25 . This switchback loop is located not on the face opposite Ran, but instead borders the RCC1 b-propeller on the face that interacts with Ran 4,24 .
In our crystal structure, we find that RCC1 does use its switchback loop to bind to an acidic patch on the histone dimer (Figs 1 and 2a; electron density for this region is provided in Supplementary Fig. 2a ). The direct interaction of RCC1 with the histone dimer was observed previously 5 , and we had further predicted an interaction with the acidic patch of the histone dimer based on our finding that the Kaposi's sarcoma-associated herpesvirus LANA (latency-associated nuclear antigen) peptide that binds to this acidic patch competes with RCC1 for binding to the nucleosome in vitro 18, 25 . The histone H2A-H2B dimer acidic patch on the nucleosome can be thought of as two depressions separated by a shallow ridge ( Fig. 2b ). RCC1 uses arginines from its switchback loop (Arg 216 and Arg 223) to bind to each depression formed in part by the triad of acidic histone H2A residues Glu 61, Asp 90 and Glu 92. An extensive network of hydrogen bonds alternating between RCC1 and histone side chains as well as van der Waals contacts mediate this interaction ( Fig. 2a ; detailed in Supplementary Information). These structural results are supported by biochemical findings. In particular, the crucial function of RCC1 Arg 223 was predicted in our study that identified the corresponding human RCC1 residue, Arg 217, as being necessary for the RCC1 b-propeller to interact with nucleosomes 25 .
The interaction of Drosophila Arg 223 with the H2A acidic triad is very similar, although not identical, to the interactions of the LANA peptide Arg 9 with the same triad of H2A residues 18 (Fig. 2a, c) . Both RCC1 and LANA peptide interact extensively with the histone dimer acidic patch, providing a straightforward structural explanation for the observed competitive binding of RCC1 and LANA peptide to the nucleosome. Both RCC1 and LANA employ two arginine side chains to interact with histone dimer residues, both make van der Waals contacts with H2B Glu 102, Leu 103, His 106 and Val 45, and both contain serine side chains that interact with H2A Glu 64. However, RCC1 is shown in yellow-orange (central strand region), blue and green (loop regions) and red (Nterminal tail, DNA-binding loop and switchback loop); the histone H3, H4, H2A and H2B and DNA components of the nucleosome core particle are shown in cornflower blue, light green, wheat, pink and light blue, respectively. b, View of the complex perpendicular to that in a. The two RCC1 molecules make equivalent interactions on each side of the nucleosome core particle. and H4 peptide with the nucleosome histone dimer acidic patch. a, RCC1-histone interactions in ribbon representation. RCC1 employs side chains in its switchback loop to bind to the histone dimer. Hydrogen bonds are depicted as yellow dotted lines. b, RCC1 recognizes the acidic histone H2A-H2B dimer surface. APBS 44 -calculated electrostatics (23kT to 120kT) were mapped onto histone surfaces by using the same view as in a. c, LANA-histone interactions in LANAnucleosome crystal structure (PDB ID 1ZLA). Key side chains of the LANA peptide (blue) are shown. d, Histone H4-histone crystal contacts in nucleosome core particle (NCP) crystal structure (PDB ID 1KX5).
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whereas side-chain-side-chain hydrogen bonds pervade the polar interactions between RCC1 and the histone dimer, both side-chainside-chain and side-chain-main-chain hydrogen bonds characterize the LANA-histone dimer interface. It should be noted that the histone dimer acidic patch recognized by RCC1 is part of the same acidic patch that histone H4 tail binds to by means of crystal packing interactions in the nucleosome core particle crystals 8, 12 (Fig. 2d ). The interaction between the H4 tail and the histone dimer acidic patch has been proposed to be important in the formation of higher-order chromatin structure 26, 27 . It is a striking coincidence that the available atomic-level descriptions of interactions with the histone octamer surface of the nucleosome core particle all involve the same acidic patch.
RCC1-nucleosome DNA interactions
The RCC1-nucleosome complex crystal structure shows that the RCC1 loop between strands 4D and 5A (the 'DNA-binding loop'; Supplementary Fig. 1 ) binds nucleosomal DNA by means of phosphate interactions (Fig. 3 ). This interaction had not been predicted in previous studies. In comparison with the extended hydrogen-bonding network between RCC1 and the histone dimer acidic patch, the interactions between RCC1 and nucleosomal DNA are relatively modest: RCC1 Lys 241 and Arg 239 bridge the major groove near superhelical location (SHL) 6, about 1.5 turns from the end of the nucleosome core particle DNA, to hydrogen-bond with phosphate groups. In addition, the NH1 atom of RCC1 Arg 239 interacts with the DNA phosphate group either through charged interactions or possibly through a hydrogen bond (Arg 239 NH1 is 3.5 Å from the guanine 131 O2P atom). Besides these polar interactions by RCC1's DNA-binding loop to nucleosomal DNA, Gln 259 in an adjacent loop is in position to hydrogen-bond to the same phosphate contacted by Lys 241 (Gln 259 NE2 atom is 3.4 Å from the guanine 13 O1P atom). These contacts with the DNA phosphate backbone are consistent with RCC1's role as a non-DNA-sequence specific chromatin factor. For example, it has been shown that the yeast RCC1 orthologue Srm1/Prp20 binds across the genome to most nucleosomes without sequence specificity 28 .
Complementing the RCC1-DNA interactions are a limited set of van der Waals interactions between residues in the RCC1 DNA-binding loop and histone H2A ( Fig. 3 ; detailed in Supplementary Information).
We have tested the prediction that the DNA-binding loop contributes to RCC1-nucleosome binding by mutating basic residues in the human RCC1 DNA-binding loop. We find that the human RCC1 b-propeller domain with Lys 232, Arg 234 and Arg 237 all mutated to Ala is unable to bind to nucleosome core particles ( Supplementary  Fig. 3 ). In contrast, negative controls employing RCC1 with triple mutations in other similarly exposed loop regions were unaffected in their nucleosome-binding activity. We also prepared RCC1 variants containing individual mutations of Lys 232, Arg 234 and Arg 237 to alanine and we find that each of these is able to bind to nucleosomes in the pulldown assay (data not shown). This suggests that multiple interactions within the DNA-binding loop might be necessary to stabilize the RCC1-nucleosome complex.
The interactions of RCC1 with nucleosomal DNA are not limited to those made by RCC1 loops. The N-terminal arm of RCC1 has been implicated in DNA binding, and we have recently shown that this arm is involved in nucleosome binding 25 . Although the Drosophila RCC1 polypeptide present in the crystal includes this N-terminal tail, residues 2-27 are not visible in the electron density map and are presumably disordered in the crystal. Residues 28 and 29 of the N-terminal arm are positioned to enter the DNA minor groove adjacent to the major groove contacted by the RCC1 DNA-binding loop. To address the role of N-terminal arm residues in nucleosome binding, we prepared Drosophila RCC1 N-terminal deletion variants. Drosophila RCC1 lacking residues 2-23 formed stable complexes with nucleosome core particles in size-exclusion chromatography experiments, and the resulting RCC1-nucleosome core particle complex produced crystals with similar morphologies to those of complexes containing full-length RCC1 (data not shown). In contrast, Drosophila RCC1 lacking residues 2-29 failed to form a stable complex with nucleosome core particles in parallel experiments. This suggests that at least some of residues 24-28 are required for Drosophila RCC1 to bind to the nucleosome core particle. We note that Drosophila RCC1 residues 22-27 (KAKRAR) contain positively charged side chains that could potentially interact with DNA. We further speculate that these N-terminal arm residues bind in the DNA minor groove or with the backbone phosphate in multiple conformations in the crystal, and that the lack of a unique or predominant conformation accounts for the missing electron density despite the apparent importance of this interaction.
Structure of 601 nucleosome
Our structure provides a first view of a 601 sequence nucleosome core particle in contrast with all previous nucleosome crystal structures that contained the human a-satellite DNA sequence or variants thereof. The Widom 601 sequence was selected from a random DNA pool to bind with high affinity to the histone octamer 20 , and this sequence has become a de facto standard for in vitro nucleosome reconstitutions in chromatin biology research. The Widom 601 nucleosome core particle in our structure adopts a conformation that is similar overall to the 147-bp and other human a-satellite nucleosome core particles (Fig. 4a ) despite the different crystal packing from previous nucleosome core particle structures, which have all crystallized in the same crystal space group (detailed in Supplementary  Information) . Most of the direct histone-DNA contacts observed in the 147-bp human a-satellite nucleosome core particle structure are maintained in the 601 nucleosome core particle. The two structures share striking 10-bp periodicities in the tip DNA base parameter and the roll, slide and twist DNA base step parameters throughout the nucleosome (this periodicity is particularly conspicuous when a rolling average is used to plot the parameters) and large alternations of the shift parameter especially within the central 70 bp (ref. 12) ( Supplementary Fig. 4 ). The DNA of the 601 and the 147-bp human a-satellite nucleosomes share very similar conformations within the central 20 bp around the dyad, which is consistent with the large number of histone-DNA interactions at SHLs 10.5 and 20.5.
Despite these similarities, the 601 nucleosome structure has significant differences from the 147-bp human a-satellite nucleosome. In particular, we find that the 601 DNA sequence in our structure forms a 145-bp nucleosome core particle. The disparate DNA lengths within the 601 and a-satellite nucleosome core particles are the consequence of differences localized around SHLs 15 and 25 (Fig. 4a ; electron density provided in Supplementary Fig. 2b, c) . At these two locations, terminal tail approaches the DNA minor groove at SHL 6.5, whereas its DNAbinding loop and an adjacent loop bind across the major groove at SHL 6. Hydrogen bonds (less than 3.2 Å long) are shown as yellow dotted lines; potential hydrogen bonds are shown in blue.
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the 601 DNA is overwound compared with the a-satellite DNA, resulting in 12 bp of 601 DNA where 13 bp of a-satellite DNA would be (Fig. 4b, c ). This increase in DNA twist for the 601 DNA around SHLs 15 and 25 is accompanied by larger DNA slide values than in the a-satellite DNA nucleosome ( Supplementary Fig. 4 ) and some changes in histone-DNA contacts at this location ( Supplementary  Fig. 5 and Supplementary Information). Our structure of the 601 nucleosome lends credence to the idea that nucleosomes possess an ability to absorb some variations in DNA lengths at both SHLs 12 and 22 and SHLs 15 and 25 ( Fig. 4d and Supplementary Information), and this feature may have implications for the mechanism of chromatinremodelling enzymes, including those found to interact with nucleosomal DNA near these locations [29] [30] [31] .
Implications for Ran recruitment
RCC1 recruits and activates the small GTPase Ran to the nucleosome through direct interactions with both Ran and the nucleosome. Our structure of the RCC1-nucleosome core particle complex and the previously determined structure of the RCC1-Ran binary protein complex 24 allow us to examine the implications for Ran recruitment to chromatin. Superposition of the two crystal structures by means of the common RCC1 component shows that Ran would not interact with either histone or DNA components of the nucleosome in this model for the RCC1-Ran-nucleosome triple complex ( Fig. 5 ). Such a model would not explain how binding to nucleosomes increases RCC1's guanine-exchange activity on Ran 5 , nor would it explain how Ran is able to interact with the nucleosome in both the presence and absence of RCC1 (refs 32, 33) . We recognize at least two possibilities to resolve these discrepancies. First, a conformational change in Ran might allow Ran to directly interact with the nucleosome. Ran's carboxy-terminal 20 amino-acid residues adopt different conformations in the ten or more crystal structures that contain Ran on its own or complexed with partner proteins. This C-terminal region (coloured white in Fig. 5 ) forms a linker and an a-helix that folds back on the globular region of Ran in the GDP-bound state 34 . However, in the GTP-bound state, this C-terminal region can be disordered or the helix can be positioned for interactions with other proteins (as observed in structures of Ran-RanBP1 complexes) [35] [36] [37] . It is possible that Ran employs its C-terminal helix to interact with the nucleosome in the presence of RCC1, perhaps through interactions previously observed for Ran with the histone H3-H4 tetramer 32 or perhaps with DNA. A second possibility is that RCC1 modulates its binding to the nucleosome in the presence of Ran. If the RCC1 b-propeller were to pivot about the switchback loop region towards the nucleosome, it could position Ran for direct contact with the nucleosome. Doing so would juxtapose Ran's guanine-nucleotide-binding site to the nucleosome, providing a potential mechanistic basis for how RCC1 binding to the nucleosome enhances RCC1's nucleotide-exchange activity on Ran. In this model, the nucleosome contacts made by the RCC1 DNA-binding loop and perhaps the N-terminal arm would need to be broken, but they could be compensated for by new Ran-nucleosome interactions. This second model is similar to one that we have proposed for the Ran-RCC1nucleosome complex 25 . The two models we describe here differ in
Major groove
Minor groove Figure 5 | Model for the Ran-RCC1-nucleosome core particle complex assuming no conformational changes. Ran (light blue) was modelled by aligning the RCC1 component of the Ran-RCC1 complex crystal structure (PDB ID 1I2M) with one of the RCC1 subunits in the RCC1-nucleosome core particle structure. The flexible C terminus of Ran is shown in white. The GDP nucleotide (magenta) was modelled with the nucleotide present in the RanGDP structure (PDB ID 3GJ0). If Ran interacts with histones in the Ran-RCC1-nucleosome complex, a conformational change in either RCC1 or Ran must presumably occur.
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whether Ran or RCC1 undergoes conformational change, but the two models are not mutually exclusive. Future biochemical and structural studies should clarify how these two chromatin proteins can interact with the nucleosome in a ternary complex to mediate their critical biological functions.
METHODS SUMMARY
The complex of Drosophila RCC1(2-422) and nucleosome core particles containing Xenopus core histones and the 147-bp Widom 601 sequence were purified by size-exclusion chromatography and crystallized against 25 mM sodium acetate pH 5.5, 25 mM sodium citrate, 1 mM dithiothreitol (DTT), 6-7% poly(ethylene glycol) monomethyl ether 2000 (PEG-MME 2000) at 21 uC. Crystals were soaked in 25 mM sodium acetate pH 5.5, 25 mM sodium citrate, 1 mM DTT, 5% ethanol, 10% PEG-MME 2000 containing increasing concentrations of polyethylene glycol 400 (0-24% in 2% increments) before flash-cooling in liquid nitrogen. Diffraction data were collected with an ADSC Quantum 315 CCD (chargecoupled device) detector at Advanced Photon Source's NE-CAT beamline 24-ID-E, and the data were processed with the HKL-2000 program suite 38 . The structure was solved by molecular replacement with Phaser software 39 and a search model containing Drosophila RCC1, the histone octamer with tails removed and the 147-bp human a-satellite DNA, each treated as a rigid body. Crystallographic refinement was performed with REFMAC5 (ref. 40 ) and PHENIX 41 together with manual model building in COOT 42 . The structure was refined to 2.9 Å resolution with R work /R free 5 17.49%/21.55%. All molecular graphics were prepared with PyMOL 43 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
